
A TRIDENT SCHOLAR 
PROJECT REPORT 

 
 

NO. 438 
 
 
 

An Examination of a Pumping Rotor Blade Design for Brownout Mitigation 
 

by 
 

Midshipman 1/C Daniel R. Kuerbitz, USN 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

UNITED STATES NAVAL ACADEMY 
ANNAPOLIS, MARYLAND 

 
 
 
 
 
 
 

 
 
 

USNA-1531-2 

This document has been approved for public 
release and sale; its distribution is limited. 



U.S.N.A. --- Trident Scholar project report; no. 438 (2015) 

 

 

AN EXAMINATION OF A PUMPING ROTOR BLADE DESIGN 

FOR BROWNOUT MITIGATION 
 

by 

 

Midshipman 1/C Daniel R. Kuerbitz 

United States Naval Academy 

Annapolis, Maryland 

 

_________________________________________ 

(signature) 

 

Certification of Adviser(s) Approval 

 

Assistant Professor Joseph I. Milluzzo 

Aerospace Engineering Department 

 

_________________________________________ 

(signature) 

___________________________ 

(date) 

 

 

Associate Professor David S. Miklosovic 

Aerospace Engineering Department 

 

_________________________________________ 

(signature) 

___________________________ 

(date) 

 

 

Acceptance for the Trident Scholar Committee 

 

Professor Maria J. Schroeder 

Associate Director of Midshipman Research 

 

_________________________________________ 

(signature) 

___________________________ 

(date) 

USNA-1531-2 



 

 

REPORT DOCUMENTATION PAGE 
Form Approved 

OMB No. 0704-0188 
Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the 
data needed, and completing and reviewing this collection of information.  Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing 
this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA  22202-
4302.  Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently 
valid OMB control number.  PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS. 

1. REPORT DATE (DD-MM-YYYY) 
05-18-2015 

2. REPORT TYPE
 

3. DATES COVERED (From - To)
  

4. TITLE AND SUBTITLE 
An Examination of a Pumping Rotor Blade Design for Brownout Mitigation 
 

5a. CONTRACT NUMBER 
 

 5b. GRANT NUMBER 

 
 

5c. PROGRAM ELEMENT NUMBER 
 

6. AUTHOR(S) 
Kuerbitz, Daniel Richard 

5d. PROJECT NUMBER 
 

 
 

5e. TASK NUMBER 
 

 
 

5f. WORK UNIT NUMBER
 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 
 

8. PERFORMING ORGANIZATION REPORT   
    NUMBER 

 
 
 
 
 

 
 
 
 
 

 
 

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S)
U.S. Naval Academy  
Annapolis, MD  21402  
  11. SPONSOR/MONITOR’S REPORT 

        NUMBER(S) 
  Trident Scholar Report no. 438 (2015) 
12. DISTRIBUTION / AVAILABILITY STATEMENT 
 
This document has been approved for public release; its distribution is UNLIMITED. 
 
 

13. SUPPLEMENTARY NOTES 

14. ABSTRACT 
     Brownout is a significant concern for Naval rotorcraft operations. It occurs when a rotorcraft operates over an unprepared surface and 
becomes engulfed in a cloud of sediment. High resolution flow visualization (FV) and particle image velocimetry (PIV) measurements 
were taken to examine the development and evolution of rotor tip vortices. The current work focuses on diffusing tip vortices through the 
use of pumping rotor blades, as the tip vortices are the primary means of sediment uplift. A baseline non-pumping and four pumping blade 
designs were tested. All the pumping blade designs used a centrifugal pumping design, but the internal flow exited the blade tips at 
orientations of 0°, 30°, 45°, and 60° above the horizontal axis. All blade designs were tested in a hovering state in ground effect at a blade 
loading coefficient of 0.08. Additional measurements were performed on the baseline and 0° pumping blades at a lower blade loading 
coefficient of 0.053, which was considered the functional equivalent of testing a higher mass flow through the pumping slots. The pumping 
blades experienced a power penalty in comparison to the baseline, which was a result of profile losses due to the exit slots at the tip. When 
operating at the higher thrust condition, the pumping blades were found to merely prolong the initial formation of the tip vortices, rather 
than completely diffusing them. However, the 0° pumping blade was found to generate significantly diffused tip vortices at the lower thrust 
condition, which greatly reduced upwash velocities near the ground. 

15. SUBJECT TERMS 
brownout, vortex diffusion, pumping blade 

16. SECURITY CLASSIFICATION OF: 
 

17. LIMITATION  
OF ABSTRACT 

18. NUMBER 
OF PAGES 

19a. NAME OF RESPONSIBLE PERSON
 

a. REPORT 
 

b. ABSTRACT 
 

c. THIS PAGE
 

77 
 

19b. TELEPHONE NUMBER (include area 
code) 
 

 Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std. Z39.18 

 



1

ABSTRACT

Brownout is a significant concern for Naval rotorcraft operations. It occurs when a

rotorcraft operates over an unprepared surface and becomes engulfed in a cloud of sedi-

ment. High resolution flow visualization (FV) and particle image velocimetry (PIV) mea-

surements were taken to examine the development and evolution of rotor tip vortices. The

current work focuses on diffusing tip vortices through the use of pumping rotor blades,

as the tip vortices are the primary means of sediment uplift. A baseline non-pumping and

four pumping blade designs were tested. All the pumping blade designs used a centrifugal

pumping design, but the internal flow exited the blade tips at orientations of 0◦, 30◦, 45◦,

and 60◦ above the horizontal axis. Detailed flow measurements were performed in regions

of interest near the rotor and near the ground plane. All blade designs were tested in a

hovering state in ground effect at a blade loading coefficient, CT/σ, of 0.08. Additional

measurements were performed on the baseline and 0◦ pumping blades at a lower blade

loading coefficient of 0.053, which was considered the functional equivalent of testing a

higher mass flow through the pumping slots. Performance measurements were also taken.

The pumping blades experienced a power penalty in comparison to the baseline, which

was a result of profile losses due to the exit slots at the tip. Additionally, the 30◦, 45◦,

and 60◦ pumping blades suffered degraded performance in comparison to the 0◦ pumping

blade due to a negative thrust effect that resulted from mass flow through the pumping

slots. When operating at the higher thrust condition, the pumping blades were found to

merely prolong the initial formation of the tip vortices, rather than completely diffusing

them. However, the 0◦ pumping blade was found to generate significantly diffused tip
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vortices at the lower thrust condition, which greatly reduced upwash velocities near the

ground.

Keywords: Brownout, Vortex Diffusion, Pumping Blade
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1. INTRODUCTION

When a vehicle travels through the air, it leaves a wake, or a trail of disturbed air.

The wake of a fixed wing aircraft convects behind the vehicle, so the wake has only a

small direct effect on the aircraft. In contrast, the wake shed by a rotorcraft remains near

the vehicle and can greatly affect the vehicle’s operation. Rotor blades generate highly

three-dimensional vortical wakes. These wakes, and specifically the trailed tip vortices,

contribute to several undesirable rotor behaviors, including but not limited to unsteady

airloads, noise caused by blade-vortex interactions (BVI), vibrations, and brownout. In

particular, brownout poses significant safety risks to both civilian and military operations.

It is especially relevant to current military operations, as brownout most readily occurs on

unprepared landing zones covered by dry, loose sediment.

Brownout occurs when the rotor wake interacts with the sediment bed to uplift and

suspend loose sediment in the air in close proximity to the vehicle, creating a dust cloud.

Figure 1.1 depicts a helicopter operating in brownout conditions. Brownout poses signif-

icant short- and long-term risks to rotorcraft operation. In the short term, the brownout

cloud obscures the pilot’s vision, resulting in the loss of necessary visual cues. The ab-

sence of these cues greatly increases the risk of accidents. The brownout cloud can also

create vection illusions, giving the pilot the impression of motion when the vehicle is sta-

tionary, or vehicle drift, when the pilot is unaware of the aircraft’s motion [7, 8]. Vection
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Fig. 1.1: A helicopter landing and encountering brownout conditions. U.S. Air Force photo by

Staff Sgt. Christopher Boitz.

illusions and vehicle drift can result in collisions or damaged landing gear. In fact, it is

reported that brownout is responsible for up to 60% of military operational mishaps in

which human factors play a role [9, 10]. Brownout also poses significant risks to civilian

rotorcraft operations, such as search and rescue missions over unprepared surfaces. Addi-

tionally, brownout poses serious hazards to ground personnel working in close proximity

to the rotorcraft, where the high winds and dust cloud can damage equipment, reduce

visibility for ground workers, and lead to injury. Long-term effects of brownout are no

less undesirable, as they significantly reduce operational efficiency. Uplifted sediment can

damage engine components and sensitive equipment. In particular, brownout significantly

reduces the service life of rotor blades. Consequently, The adverse effects of brownout

on rotorcraft operations make it desirable to gain a better aerodynamic understanding of

the factors affecting brownout, namely the interaction of the rotor wake and the ground.
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1.1 Fluid Mechanics of Brownout

Brownout is caused by the interaction of the rotor wake with the ground. The

wake generated by a hovering rotor is dominated by tip vortices, which form when the

higher pressure air on the underside of the blade convects around the tip to the lower

pressure air above the blade, resulting in a circulatory flow. Each rotor blade trails a

single concentrated tip vortex, which forms a continuous vortex filament that follows

a helicoidal trajectory as it convects in the wake. These tip vortices convect along the

slipstream boundary, which separates regions of turbulent, high energy flow inside the

rotor wake and low energy, quiescent flow outside the wake.

The structure of the rotor wake is significantly affected by the rotor’s proximity to

the ground. A rotor is considered to be operating in ground effect (IGE) when it operates

less than one rotor radius from the ground, and out of ground effect (OGE) at altitudes

greater than one rotor diameter. Fig. 1.2a shows smoke flow visualization of the wake

generated by a two bladed rotor system hovering OGE. The image is a visualization of

a planar cut of the rotor wake intersecting the axis of rotation such that a trailed vortex

appears every time a blade passes through the plane. The tip vortices exert centrifugal

and Coriolis forces on the seed particles in the flow, so that vortices are characterized

by the presence of seed voids. Each blade trailed a single helicoidal tip vortex which

intersected the plane at intervals of 360/Nb, where Nb is the number of blades on the rotor

(e.g., intersections at blade position ψb = 30◦ would show vortices of wake ages ζ = 30◦,

210◦, 390◦, etc.). The intersections are measurements of wake age, ζ, which is defined

as the elapsed time since a flow structure was convected by the rotor blade. Wake age
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is measured in terms of rotor position ψb, as shown in Fig. 1.3 (e.g., a vortex one rotor

revolution old would have a wake age of 360◦).

Fig. 1.2a shows that for a rotor operating OGE, the wake convects axially below

the rotor, first contracting and then expanding. Tip vortices diffuse after two or three

rotor revolutions (i.e., four to six distinct vortices are shown for the two bladed system

in Fig. 1.2a). Far downstream, the diffused tip vortices contribute to the turbulent wake,

creating a turbulent jet-like flow. In contrast, the wake of a rotor operating IGE interacts

with the ground, changing its structure. The ground is a streamline to the wake of a rotor

operating IGE, so the wake must rapidly turn from a primarily axial flow to a primarily

radial flow, as demonstrated in Fig. 1.2b. Ramasamy et al. [11] showed that as the wake

and the tip vortex filaments expand radially, the filaments stretch. Conservation of mass

requires that the filament core contracts, and the swirl velocity and vorticity of the vortex

increases in order to conserve momentum. This process is known as reintensification [11].

Fig. 1.2b shows that reintensification causes the vortices of a rotor operating IGE to persist

to older wake ages than those of a rotor operating OGE.

1.2 In-Ground-Effect Fluid Mechanics

Lee et al. [1] were among the first to experimentally examine the fluid mechanics

of the interaction between a small-scale rotor and a ground plane. They performed both

particle image velocimetry (PIV) experiments, in which a strobed laser sheet illuminated

tracer (or seed) particles in the flow, and qualitative analysis via flow visualization, which

examined the rotor wake at a variety of wake ages and rotor altitudes. The experiment
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(a) Out of ground effect

(b) In ground effect

Fig. 1.2: Scaled comparison of a rotor hovering (a) out of ground effect and (b) in ground effect

[1]. Used with permission.
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Fig. 1.3: A rotor in reference position ψb, shedding a wake of wake age ζ [2]

confirmed that the OGE rotor produced tip vortices that diffused within three rotor rev-

olutions, yielding a jet-like flow in the far wake, while the IGE rotor produced vortices

which stretched along their lengths, reintensified their vorticity, and increased swirl veloc-

ities. The reintensified tip vortices persisted to older wake ages and caused the flow at the

ground to become a superposition of coherent tip vortices and a developing wall-jet type

flow. The interaction of the rotor wake with the ground plane created a turbulent boundary

layer along the ground plane, so that the structure and strength of the wake at the ground

directly affected the shear stress exerted on the ground plane (and on a sediment bed). In

summary, Lee et al. showed that in comparison to OGE operations, the wake of a rotor

operating in ground effect retained and reintensified its vorticity, causing the tip vortices

to persist to older wake ages. The persistent tip vortices greatly affected the development,

structure, velocities, and turbulence observed in the wake along the ground.
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1.3 Dual Phase Fluid Mechanics

Johnson et al. [12] and Sydney et al. [3] investigated the dual-phase fluid mechanics

of brownout, with air as the carrier phase and sediment as the dispersed phase. They in-

vestigated the interaction between the rotor wake and the sediment to determine the mech-

anisms by which sediment is entrained into the airflow. Six mechanisms were identified

and are detailed in Fig. 1.4. All six were direct results of the tip vortices: creep, saltation

and bombardment, vortex induced trapping, secondary suspension, vortex induced bom-

bardment, and unsteady pressure effects. Creep is the mobilization of sediment particles

along the ground. Some sediment particles are light enough to be uplifted, but ultimately

fall back to the sediment bed. Johnson et al. observed that when the uplifted particles

impacted the sediment bed, they uplifted more sediment particles. This process, known

as saltation bombardment, can significantly increase the number of particles introduced

into the flow. Vortex induced trapping refers to the uplift of particles entrained in the flow

by the upward swirl velocities of a vortex. If the uplifted particles are suspended by a

second, younger vortex, then secondary suspension occurs. Conversely, vortex induced

bombardment occurs when downward swirl velocities drive suspended sediment particles

into the ground, ejecting more sediment particles. Finally, tip vortices convecting along

the ground can create unsteady pressure effects. This final mechanism was hypothesized,

but not directly observed. Since all the mechanisms of sediment entrainment are depen-

dent on the intensity of the tip vortices in the wake, it is expected that a reduction in tip

vortex intensity may reduce the amount of sediment uplifted.
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Fig. 1.4: Mechanisms of sediment entrainment (Sydney et al. [3])

1.4 Diffusion of Tip Vortices

Johnson et al. [12] and Sydney et al. [3] demonstrated that tip vortices were the

primary cause of sediment mobilization and entrainment. It is therefore expected that

one method to reduce the effects of brownout is to diffuse the concentrated tip vortices

in the rotor wake before they reach the ground. There are two methods used to diffuse

tip vortices: active and passive. Active methods modify the shape of the blade and/or

control the airflow using actuators [17]. Passive methods modify the blade tip to alter the

rollup and formation of tip vortices. Milluzzo et al. [4] studied passive vortex diffusion

methods using PIV. Four tip shapes were tested: a rectangular tip used as a baseline, a

simple swept tip, a BERP-like tip [13] (British Experimental Rotor Program, a rotor tip

design optimized for high speed operations), and a slotted tip [5, 6, 14]. Fig. 1.5 shows

the four blade designs. The slotted blade is detailed in Fig. 1.6. This blade was designed

with slots which connect holes on the leading edge of the blade to holes on the side of the

blade at the tip. The high dynamic pressure at the blade tip forced air in at the leading
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Fig. 1.5: The four blade types tested by Milluzzo et al. [4], with blade tips on the right [4]

edge and ejected turbulence from the tip, into the forming vortex core. This turbulence

modified the core structure and caused rapid diffusion of vorticity [14].

Milluzzo et al. [4] expanded on previous work in several ways. The experiment

used a larger rotor (the rotor radius was 16 inches, while previous experiments used a 3.35

inch radius), which allowed study of vortical effects of the rotor wake at higher Reynolds

numbers. The experiment investigated both the development of the rotor wake in ground

effect and the effect of different blade tip designs on the wake. The rectangular tip was

used as a baseline. It produced strong, concentrated tip vortices that ultimately reintensi-

fied near the ground and induced strong velocities in the axial and radial directions. The

simple swept tip produced tip vortices which behaved similarly to those convected by

the baseline blade. The BERP-like blade tip modified the rollup of tip vortices such that

they were initially more diffused, but interaction with the ground plane and stretching of



22

Fig. 1.6: Detail of the slotted blade tip design [5, 6]. Used with permission.

the vortex filaments ultimately caused the tip vortices to reintensify, such that at older

wake ages there was little difference between the vortices convected by the BERP-like

tip, the simple swept tip, and the rectangular tip. Because the tip vortex characteristics of

these blade designs were similar, it is expected that they would all have similar brownout

characteristics. In contrast, the slotted blade tip design produced significantly diffused

vortices at all wake ages. The vortices were sufficiently diffused so that they did not rein-

tensify in ground effect, resulting in lower peak velocities in the developing flow near the

ground plane. It is expected that the slotted tip would produce a less intense brownout

signature. However, while the slotted tip design exhibited desirable vortex diffusion char-

acteristics, it also incurred a 2% power penalty in comparison to the baseline blade. In

other words, for a given thrust output, the slotted blade tip required 2% greater power

than the rectangular tip. This power penalty resulted from the increased profile drag due
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to the tip slots. In rotorcraft operations, the power penalty would significantly hamper ro-

torcraft performance characteristics such as payload and speed. Therefore, Milluzzo et al.

concluded that while only the slotted tip effectively diffused tip vortices, the associated

power penalty reduced the design’s desirability as a solution to the problem of brownout.

The slotted tip design used by Milluzzo et al. [4] diffused vortices by ejecting turbu-

lent air out of exit slots at the tip. To achieve this, the blade had intake slots on the leading

edge, which used dynamic pressure to force air through the slots. However, the dynamic

pressure acting on the slots increased the blade’s profile drag. Other designs have been

proposed in which the intake slots are not placed at the tip and dynamic pressure is not

the means of accelerating that air. One such design placed the intake slots near the blade

root, where dynamic pressure and drag are much lower. The air is pumped through along

the blade length by the centrifugal forces acting along the rotating blade. Fig. 1.7 shows

the centrifugal pumping slotted blade design. The centrifugal pumping design differs

from the slotted tip design in that centrifugal force accelerates air out the tip slots, rather

than high dynamic pressure. Watkins et al. [15, 16] examined active and passive flow

and circulation control methods, while Lorber et al. [17] patented a passive flow control

system which utilized centrifugal pumping. While all of these designs utilized centrifugal

pumping, none were used as a method of vortex diffusion, and none involved flow field

measurements at the rotor. Because the power penalty incurred by the slotted tip design

resulted from the high drag and dynamic pressure at the blade tips, it was hypothesized

that a centrifugal pumping blade could offer similar vortex diffusion characteristics while

reducing or eliminating the performance penalty.
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Fig. 1.7: The centrifugal pumping slotted blade design

1.5 Objectives

Brownout is a phenomenon caused by the interaction of a rotor wake with a sedi-

ment bed. The uplifted sediment cloud obstructs the pilot’s view, harms equipment, and

poses severe short- and long-term operational hazards. Previous work established that

a rotor hovering in ground effect generates tip vortices which persist to older wake ages

(Lee et al. [1]) when compared to a rotor operating out of ground effect. Johnson et al. [12]

and Sydney et al. [3] showed that reintensified tip vortices were the primary cause of the

mechanisms by which sediment is entrained into the flow. Milluzzo et al. [4] found that

a slotted blade tip design significantly diffused tip vortices but incurred a power penalty.

A potential solution to the power penalty was found in the work of Watkins et al. [15,16]

and Lorber et al. [17], who studied centrifugal pumping designs.

The previous work [1, 3, 12] demonstrated the importance of blade tip vortices as

a cause of brownout, and Milluzzo et al. [4] showed that the slotted blade tip design

significantly diffused the developing tip vortices. The current work aimed to determine

the effectiveness of a pumping blade design in diffusing tip vortices. To that end, the

project addressed four specific questions:

1. Does changing the position of the intake slot (i.e., moving it inward to create a
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pumping blade rather than a slotted tip blade) provide the same level of tip vortex diffusion

as that documented by Milluzzo et al. [4] in testing the slotted tip design with intakes at

the end of the blades?

2. Does the orientation of the exit slots at the blade tip affect the rate of tip vortex

diffusion?

3. Does changing the position of the intake slot (i.e., moving it to the blade root)

reduce or eliminate the performance penalty associated with the slotted tip design tested

by Milluzzo et al. [4]?

4. Does changing the orientation of the exit slots at the blade tip affect the perfor-

mance of the rotor?

In order to answer these questions, four rotor blade designs, with intake slots near

the hub and exit slots of varying orientation at the tip, were tested. Performance measure-

ments determined the effect of the blade designs on rotor performance, while flow field

measurements were taken to investigate the effect of the blade designs on vortex diffusion

characteristics.
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2. DESCRIPTION OF EXPERIMENT

The experiment was carried out using a teetering two-bladed rotor system with con-

tinuously variable collective blade pitch. Table 2.1 summarizes the rotor characteristics

and test conditions. Fig. 2.1 shows the basic rotor test stand and ground plane setup. All

rotor blades had a radius of 0.408 m (16 in) and a mean chord of 44.5 mm (1.752 in).

The blades were untwisted with NACA 2415 airfoils throughout. The rotor was tested at

a height of one rotor radius above the ground plane (i.e., z/R = 1.0) in order to simulate

ground effect conditions, and it was mounted horizontally. The ground plane was circular

with a diameter equal to four rotor radii and was painted a flat black to minimize surface

reflections. Recirculation was minimized in the flow conditioned test cell by means of

flow diverters along the surface of the ground plane and honeycombed flow conditioning

screens mounted upstream of the rotor. As a result, measured turbulence levels of the

incoming flow were reduced to under 1% of the flow velocities induced in the rotor wake.

All four experimental blades and the baseline blade were tested under the same operating

conditions. The blade loading coefficient, CT/σ, was 0.08 for high thrust conditions and

0.0533 for low thrust conditions. CT/σ was maintained for all rotor configurations as the

value directly affected tip vortex strength. The rotor was operated at a frequency of 35 Hz

(2,100 rpm), yielding a rotor tip speed of 89.06 m s−1 (292.21 ft s−1), a nominal tip Mach

number of 0.27, and a chord Reynolds number of 282,385. Tip Mach number was the
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Table 2.1: Summary of rotor characteristics and test conditions

Blade Airfoil NACA 2415

Number of Blades, Nb 2

Blade Radius, R 0.408 m

Mean Chord, c 44.5 mm

Rotational Frequency, Ω 35 Hz

Rotor Tip Speed, Vtip 89.06 m/s

Rotor Height, z/R 1.0

Tip Mach Number, M 0.27

Tip Reynolds number, Re 282,385

ratio of tip speed to the speed of sound, while Reynolds number was the ratio of inertial

forces to viscous forces in the flow.

2.1 Blade Tips

Five blade tip designs were used in the experiment: a baseline blade and four test

variations. Baseline measurements were taken using a rectangular non-slotted blade. The

four experimental designs featured an inlet slot near the hub. Internal slots connected the

inlet slot to exit slots at the blade tip. The basic layout of a pumping blade design was

depicted in Fig. 1.7. The four blade designs differed in the orientation at which air was

expelled, with exit angles of 0◦, 30◦, 45◦, and 60◦ above the plane intersecting the chord

line of the blade. Fig. 2.2 defines the angle used to describe the orientation of the exit
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Fig. 2.1: Basic test setup [4]

slots at the blade tip. In the pumping blade designs, air entered the intake slot and was

pumped along the length of the blade. The turbulent flow was ejected from the exit slots

into the forming vortex core with the aim of increasing the rate of tip vortex diffusion. Dr.

Dancilia of the University of Texas at Austin provided the pumping blades.

Fig. 2.2: Exit slot orientation
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2.2 Theory

Several parameters are used to describe a rotor’s operating conditions, as defined by

Leishman [18]. The thrust, T , and power, P, produced by the rotor, are easily measured

properties which describe rotor performance. As shown below, thrust and power can be

converted to the non-dimensional coefficients of thrust and power, CT and CP.

CT =
T

ρA(ΩR)2 (2.1)

CP =
T

ρA(ΩR)3 (2.2)

In each equation, A is the rotor disk area (i.e., the area swept out by the rotor blades

in the rotation of the rotor), ρ is air density, Ω is the rotor’s angular velocity, and R is

the rotor’s radius. Disk loading, a factor which affects downwash velocity, is obtained by

dividing thrust by rotor disk area. Solidity, σ, is the area of the rotor blades as a fraction of

disk area. The thrust coefficient and rotor solidity are used to calculate the blade loading

coefficient, CT/σ, a factor which is directly related to tip vortex strength. For this reason,

maintaining a constant CT/σ value was important in the current work, as it reduced the

number of variables present in the test. Similarly, power loading, CP/σ, is obtained from

the power coefficient and the blade solidity.

According to momentum theory, a common mathematical model for describing ro-

tor performance, a rotor’s power can be attributed to two sources: induced power, CPi, is

the power used to create rotor thrust, while profile power, CP0, is required to overcome
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the drag on the blades. This yields the following equations:

CPi =
κC3/2

T√
2

(2.3)

CP0 =
σCd0

8
(2.4)

CP =CPi +CP0 (2.5)

Here, Cdo is the average drag coefficient of the blades, determined by the airfoil type

of the blades. The induced power factor, κ, accounts for non-ideal factors in the induced

power, such as lift distribution and tip vortices. It is important in this work because the

experimental blades differ only in their vortex diffusion characteristics, so that comparing

the κ values of pumping blades and the baseline blade indicate their relative effectiveness

in diffusing vortices.

The pumping blades also had a secondary source of thrust. The mass flow of air

through the slots created a tip jet-like effect. When the slots were oriented, this produced

a negative thrust effect, Fṁ, such that the measured thrust of the rotor was decreased. This

thrust component was calculated to be a factor of mass flow rate, exit velocity, and slot

orientation.

Fṁ = (ρAexitVexit)Vexitsin(θexit) (2.6)

Aexit and Vexit were the cross sectional area and flow velocity at the exit slots, re-

spectively, while θexit was the exit slot orientation.
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Finally, in describing the development of a rotor wake, phase and wake age must be

defined. Phase is the angular position of the rotor blades relative to a reference position.

When the phase reaches 360◦, the rotor has undergone one complete revolution. Similarly,

wake age, ζ, describes the age of a flow structure in terms of phase. For example, the wake

age of a tip vortex is determined by the angular displacement of the rotor since the vortex

was created. Wake age is especially useful in describing flow fields and the development

of tip vortices.

2.3 Performance Measurements

Performance measurements were acquired for each blade design to determine the

thrust produced and power required for a range of collective angles. The measurements

were obtained using a combination load and torque cell capable of resolving CT to± 4.38

x 10−6 and CP to ± 2.74 x 10−7. This resolution was achieved using signal condition-

ing and calibration. A performance sweep was performed for each blade, measuring the

thrust and power of the rotor for a range of collective angles from -3◦ to 16◦. The per-

formance curves could then be used to determine the collective pitch required to meet a

given operating condition, such as a specific blade loading coefficient. Ambient pressure

and temperature were also recorded so that atmospheric effects could be factored out of

the performance data.
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2.4 Flow Field Measurements

The experiment used high resolution flow visualization (FV) to qualitatively ana-

lyze the flow and particle image velocimetry (PIV) to provide quantitative measurements.

The experimental setup is shown in Fig. 2.3. The setup used a Nd:YAG laser which

emited light at a wavelength of 532 nm, in 200 mJ pulses at a frequency of up to 15 Hz.

To take flow field measurements, a high energy laser beam was reflected from a mirror

and through convex and spherical lenses so that it diverged into a sheet, illuminating a

plane in the rotor wake. The sheet was normal to the rotor tip path plane. The spherical

lens narrowed the waist of the laser sheet to 2 mm, increasing its intensity. The laser

sheet illuminated seed particles within the flow, creating visible markers in the flow. In

FV, the tracer particles were thick enough that flow structures could be visualized in a

single image. The image of the illuminated particles was captured by an 11 MP CCD

camera oriented with its imaging axis orthogonal to the laser sheet and focused on a par-

ticular region of interest (ROI). The laser and camera were synchronized such that the

laser pulse straddled the camera images. All images were phase resolved, i.e., sequential

images recorded the wake at the same rotor phase. This allows the wake to be examined

for a specific rotor phase (e.g., analyzing tip vortices at a given wake age). However,

individual flow structures cannot be tracked as they develop in phase-resolved measure-

ments. Seven configurations were tested to obtain flow field measurements: each of the

five blade designs was tested at a high thrust condition, and the baseline blade and 0◦ exit

slot pumping blade were also tested at a low thrust condition.
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Fig. 2.3: The test setup for flow field measurements [2]

2.4.1 PIV Imaging

Particle image velocimetry (PIV) is a technique used to measure flow velocity at

a given instant in a particular region of interest. Submicron tracer particles were seeded

into the airflow and illuminated by the laser sheet. The camera recorded two sequential

images, with a pulse separation time, ∆t, separating the two images. The pulse separation

time ranged from 1.5 to 6 µs, depending on the ROI used. The two images formed a pair,

and each image was split into a number of interrogation windows. Each interrogation

window had base-2 dimensions, such as 16x16 or 32x32 pixels. Within each interrogation

window, the average particle displacement between the images was determined. Using

this displacement and the pulse separation time, a velocity vector was determined for

each interrogation window. Combining all calculated velocity vectors yielded a velocity

field which could then be analyzed to examine characteristics of the rotor wake, such as



34

the vorticity of the tip vortices.

Fig. 2.4 shows the two regions of interest (ROIs) used in the experiment. ROIs

1 and 2 provided sufficient spatial resolution over the entire field of interest. Because

the experiment used a two bladed rotor, flow field measurements were recorded at wake

ages up to 180◦, at which point another blade passed through the laser sheet, making the

180◦ wake age measurement the same as a 0◦ wake age measurement. To fully resolve

the wake, six wake ages were chosen in increments of 30◦ from 0◦ to 150◦. In each

ROI, 550 images were recorded for each blade configuration tested at each wake age.

The PIV processing used a 16-by-16 pixel window size with a 75% overlap, effectively

yielding one velocity vector for every 4-by-4 pixel area. This high resolution was required

to resolve the steep velocity gradients in the rotor wake. Additionally, the interrogation

windows of the second window were translated and deformed to maximize the number

of particles tracked, increasing the accuracy of the velocity measurements. Images were

validated through a local median test of the 3-by-3 neighboring vectors, with images with

more than 5% spurious vectors being discarded, although in practice few of these cases

occurred.

Pulse separation was chosen so that the particle displacement in an image pair was

greater than the particle’s diameter but less than 1/4th the side length of the interrogation

area. Pulse separation time was also minimized to reduce the curvature error resulting

from particles following a curved path within the flow (and especially in tip vortices).

This also minimized acceleration error, in which an accelerating particle in unsteady flow

was assumed to have constant velocity. With these criteria in mind, the pulse separation

time was 6 µs. These measurements were chosen in order to maximize accuracy and



35

Fig. 2.4: The two regions of interest (ROIs) examined in the experiment

optimize the PIV measurements obtained.

2.5 Data Analysis

Raw performance data yielded thrust and power measurements for a range of col-

lective angles. These measurements were non-dimensionalized, and a least squares fit

curve was used to fit a modified momentum theory model to the measured data. As a

predictive model, this was then used to calculate the collective angle required to obtain

a given thrust output for a given blade design. Additionally, the model was analyzed to

examine the performance of each blade type through a range of thrust conditions, and the

induced power factor of each blade design was calculated to determine the initial vortex

diffusion characteristics of each blade design.

In addition to the performance curves, flow visualization data also offered a qual-

itative analysis of the vortex diffusion characteristics of each blade. Absolute velocity

contours obtained from PIV data allowed the flow field to be analyzed for swirl velocities

of tip vortices. This allowed another qualitative comparison of the merits of various blade
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designs. The data analysis process is discussed more in depth in the following section.
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3. RESULTS

3.1 Performance Results

Performance measurements were taken to determine the thrust produced and power

required for each blade design. Fig. 3.1 shows the power loading coefficient, CP/σ, versus

blade loading coefficient, CT/σ, for each rotor configuration. The exit slots increased the

blades’ profile drag, so when the rotors were operated at lower thrust conditions (where

profile losses dominate), the pumping blade designs required more power than the base-

line blade. However, as the thrust produced by the rotors was increased, the power re-

quirements of the pumping blade designs approached that of the baseline blade. This

occurred because the pumping blade designs experienced a lower induced power require-

ment than the baseline blade. Because the baseline and pumping blade designs had iden-

tical twist rates (i.e., untwisted) and planforms (i.e., constant blade chord), the differences

in induced power requirement were caused by differences in the initial diffusion of the tip

vortex convected by the blades.

To characterize the induced power differences between the pumping blade designs

and the baseline blade, the induced power factor, κ, was determined. The induced power

factor was determined using a least-squares fit of modified momentum theory to the mea-

sured performance data shown in Fig. 3.1. The induced power factors for each rotor are
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Fig. 3.1: Plot of the measured power polar for each rotor.

shown in Table 3.1. While the 0◦ pumping blade design was found to have the lowest

induced power factor (approximately 1.7% lower than that of the baseline blade), the 30◦,

45◦, and 60◦ pumping blade designs had induced power factors approximately equal to or

slightly greater than the baseline blade.

The degraded performance of 30◦, 45◦, and 60◦ pumping blade designs compared

to the 0◦ design can be explained using conservation of momentum, i.e., the mass flow

rate of the air out of the exit slots generated a force that opposed the rotor thrust or a

created negative thrust effect (Fṁ). The negative thrust was determined to be a function

of the mass flow rate of air through the slots, the air’s exit velocity, and the orientation of

the exit slots. The negative thrust effect was calculated assuming no viscous losses in the

slots (i.e., the exit velocity of the air was equal to the rotor’s tip speed), and the air density,

exit slot area and orientation were known. Removing the negative thrust effects from the

measured performance data, an adjusted induced power factor could be determined for
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Table 3.1: Force generated by mass flow and normalized induced power factor for the four pump-

ing blade designs

Exit Slot Orientation Fṁ κUnadjusted / κBaseline κAdjusted / κBaseline

0◦ 0.0000 0.9830 0.9830

30◦ -0.2211 0.9966 0.9854

45◦ -0.3127 1.0044 0.9893

60◦ -0.3830 1.0049 0.9855

the 30◦, 45◦, and 60◦ pumping blade designs. Table 3.1 shows that when the effects

of the negative thrust were removed, the adjusted induced power factors, κadjusted for all

pumping blades were similar, to within 1%.

3.2 Flow Visualization

Flow visualization was performed to qualitatively highlight the primary flow struc-

tures in the wake. Seed particles were judiciously introduced into the flow in concentrated

bands, allowing the laser to illuminate the flow structures. Fig. 3.2 shows representative

flow visualization images of each blade design with the reference blade at azimuth an-

gle ψb = 30◦ and the rotor operating in ground effect with a blade loading coefficient of

CT/σ = 0.08. Therefore, the image depicts tip vortices of wake ages ζ = 30◦, 210◦, 390◦,

etc.

The FV results showed that the baseline and pumping blades produced qualitatively

similar flow fields. Each blade trailed a tip vortex, which in the image is distinguished
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(a) Baseline non-pumping blade (b) 0◦ exit slot orientation (c) 30◦ exit slot orientation

(d) 45◦ exit slot orientation (e) 60◦ exit slot orientation

Fig. 3.2: Representative flow visualization with the reference blade at a blade azimuth angle ψb)

of 30◦ and the rotor operating at a CT/σ = 0.080, for the: (a) Baseline non-pumping

blade (b) 0◦ exit slot orientation, (c) 30◦ exit slot orientation, (d) 45◦ exit slot orientation,

and (e) the 60◦ exit slot orientation.
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by a dark circular region, called a seed void (so called because the darkness is a result

of a lack of illuminated seed particles in the region). The seed voids develop because

centrifugal and Coriolis accelerations act on the seed particles to accelerate them outward

from the vortex core. It is important to note that because each image is seeded differently,

apparent differences in the dimensions of tip vortices in the images do not necessarily

reflect differences in vortex strength or flow structures.

Although the size of a seed void does not necessarily indicate the relative strength

of a vortex, the formation of a dark region, which is dependent solely on sufficient cen-

trifugal and Coriolis forces, is indicative of vortex formation. The FV images show that

the baseline blade design shed vortices which rolled up very quickly, forming as early

as a wake age of ζ = 3circ. In contrast, no such clear seed void appears for any of the

pumping blades at ζ = 30circ; see Fig. 3.2. This difference indicated that the pumping

blades produced tip vortices that were initially more diffused than those generated by the

baseline blade design. Initial diffusion of the tip vortex would be expected to lower a

blade’s induced power requirements, so this observation supported the performance re-

sults previously discussed.

However, while the pumping blades initially diffused the tip vortices, they did not

completely diffuse them. Rather, Fig. 3.2 clearly shows that mature vortices with laminar

(i.e., smooth) core flow structures were formed by a wake age of ζ = 210circ. The FV

images indicate that the initial diffusion of the tip vortices by the pumping blade designs

was not sufficient to prevent vortex reintensification in ground effect. Laminar flow in

the vortex core is one main causes of tip vortices which persist to later wake ages. In

laminar flow, vortex diffusion occurs due to shear stresses on the molecules in the flow,
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while in turbulent flow, diffusion occurs on a larger scale. The FV images show that the

tip vortices generated by the pumping blades overcame their initial diffusion and rolled

up as the wake expanded along the ground plane. Fig. 3.2 shows that for each blade, the

tip vortices persisted to wake ages as old as three to four rotor revolutions.

Additional measurements were performed at a lower blade loading coefficient of

CT/σ = 0.053 in order to examine the effect of mass flow rate on the tip vortex diffusion.

These measurements were performed on the baseline and 0◦ pumping blades. Figures 3.3

and 3.4 show representative FV images, with the reference blade position of ψb = 30◦, for

the baseline and 0◦ pumping blade, respectively, at each operating condition. The baseline

blade generated a similar flow field in each case, trailing tip vortices that rolled up almost

immediately and persisted to the ground plane. In contrast, when the 0◦ pumping blade

was operated at the lower blade loading condition, it trailed significantly more diffused

tip vortices, as shown by the lack of clear seed voids in Fig. 3.4a. The weaker vortices

produced at low thrust did not appear to overcome the initial diffusion, as no coherent

vortices were observed near the ground. This result suggested that an increased mass

flow rate of air through the pumping slots may be required to diffuse stronger tip vortices

produced in higher thrust conditions.

3.3 Instantaneous Flow Field Measurements

Figure 3.5 shows representative contours of the instantaneous vorticity, at a refer-

ence blade position of ψb = 30◦, for each blade set operating at CT/σ = 0.08. All blade sets

produced tip vortices that induced local regions of relatively high vorticity (i.e., greater
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(a) CT/σ = 0.053 (b) CT/σ = 0.08

Fig. 3.3: Representative flow visualization of the baseline blade for each operating condition at

ψb = 30◦: (a) CT/σ = 0.053; (b) CT/σ = 0.080.

(a) CT/σ = 0.053 (b) CT/σ = 0.08

Fig. 3.4: Representative flow visualization of the 0◦ pumping blade for each operating condition

at ψb = 30◦: (a) CT/σ = 0.053; (b) CT/σ = 0.080.
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than 10000 s−1). The baseline blade produced tip vortices that were immediately very

concentrated, while the vorticity plots show that the pumping blades, and the 0◦ pumping

blade in particular, produced tip vortices that were initially more diffused. However, the

tip vortices overcame the intial diffusion, and at older wake ages (i.e., ζ = 390◦), the tip

vortices of the pumping blade designs overcame the initial diffusion and resembled those

generated by the baseline blade. Concentrated regions of relatively high vorticity corre-

sponded to tip vortices that generated relatively high locally induced swirl velocities; see

Fig. 3.6. All blade sets produced tip vortices that induced local swirl velocities greater

than 20% of the blade tip speed. The tip vortices generated by the baseline blade were

significantly more coherent than those produced by the pumping blades, with larger re-

gions of high induced velocity (i.e., greater than 20% of the tip speed). This difference

between the tip vortices trailed by the baseline and pumping blades persisted to relatively

older wake ages (i.e., ζ = 390◦); see Fig. 3.6.

Figure 3.6 shows that at relatively early wake ages (i.e., ζ = 30◦), the 0◦ and 30◦

pumping blades most successfully diffused the tip vortices, while the 45◦ and 60◦ pump-

ing blades produced tip vortices slightly more diffused than those generated by the base-

line blade. At relatively older wake ages (i.e., ζ = 390◦), the tip vortices rolled up and

reintensified as the rotor wake began to expand, and the tip vortices produced by all pump-

ing blade designs appeared largely the same. The tip vortices produced by the pumping

blades were more diffused than those of the baseline blade, but they still induced relatively

high swirl velocities.

The flow fields generated by the baseline blade at lower and higher thrust condi-

tions were qualitatively similar, as shown in Fig. 3.3. The rotor produced concentrated tip
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(a) Baseline non-pumping blade (b) 0◦ exit slot orientation (c) 30◦ exit slot orientation

(d) 45◦ exit slot orientation (e) 60◦ exit slot orientation

Fig. 3.5: Contours of instantaneous vorticity in ROI 1, with the reference blade at a blade azimuth

angle ψb) of 30◦ and the rotor operating at a CT/σ = 0.080, for the: (a) Baseline non-

pumping blade; (b) 0◦ exit slot orientation; (c) 30◦ exit slot orientation; (d) 45◦ exit slot

orientation; and (e) the 60◦ exit slot orientation.
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(a) Baseline non-pumping blade (b) 0◦ exit slot orientation (c) 30◦ exit slot orientation

(d) 45◦ exit slot orientation (e) 60◦ exit slot orientation

Fig. 3.6: Contours of non-dimensionalized total velocity in ROI 1, with the reference blade at a

blade azimuth angle ψb) of 30◦ and the rotor operating at a CT/σ = 0.080, for the: (a)

Baseline non-pumping blade; (b) 0◦ exit slot orientation; (c) 30◦ exit slot orientation; (d)

45◦ exit slot orientation; and (e) the 60◦ exit slot orientation.
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(a) CT/σ = 0.053 (b) CT/σ = 0.08

Fig. 3.7: Contours of instantaneous vorticity in ROI 1, for the rotor with the baseline blades at

ψb = 30◦ for each operating condition: (a) CT/σ = 0.053; (b) CT/σ = 0.080.

vortices that persisted to older wake ages; see Figs. 3.7 and 3.8. Landegrebe [19–22] and

Milluzzo and Leishman [23] noted that an increase in rotor thrust increased the down-

wash velocity in the wake. This was observed in the PIV images, where the tip vortices

convected in the wake more quickly at the high thrust condition. Additionally, the higher

blade loading at the high thrust condition resulted in stronger tip vortices with larger re-

gions of high vorticity and locally high induced velocities, as would be expected.

Because the pumping blades, at the high thrust condition, did not effectively dif-

fuse the tip vortices such that they did not reintensify, an examination of the effect of

mass flow rate through the pumping slots on vortex diffusion was of particular inter-

est. Increased mass flow rate was simulated by reducing the blade loading coefficient to
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(a) CT/σ = 0.053 (b) CT/σ = 0.08

Fig. 3.8: Contours of non-dimensionalized total velocity in ROI 1, for the rotor with the baseline

blades at ψb = 30◦ for each operating condition: (a) CT/σ = 0.053; (b) CT/σ = 0.080.
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(a) CT/σ = 0.053 (b) CT/σ = 0.08

Fig. 3.9: Contours of non-dimensionalized total velocity in ROI 1, for the rotor with the 0◦ pump-

ing blades at ψb = 30◦ for each operating condition: (a) CT/σ = 0.053; (b) CT/σ = 0.080.
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(a) CT/σ = 0.053 (b) CT/σ = 0.08

Fig. 3.10: Contours of non-dimensionalized total velocity in ROI 1, for the rotor with the 0◦ pump-

ing blades at ψb = 30◦ for each operating condition: (a) CT/σ = 0.053; (b) CT/σ =

0.080.



51

CT/σ = 0.053. Figures 3.7 and 3.9 show representative contours of instantaneous vor-

ticity for the baseline and 0◦ pumping blade designs, respectively, at higher and lower

blade loading coefficients, while Figs. 3.8 and 3.10 show instantaneous total velocity for

the same conditions. Notably, the flow fields generated by the pumping blade differed

greatly when the thrust conditions were altered. Figures 3.9a and 3.10a show that at low

thrust, the pumping blade produced relatively diffused vortices. The tip vortices gener-

ated by the pumping blade design at the lower thrust condition created diffused regions

of relatively low vorticity. Similarly, the swirl velocities induced by the tip vortices were

significantly lower than at high blade loading, and the induced swirl velocities were close

to the downwash velocities in the rotor wake. Furthermore, at low thrust, the pumping

blades did not merely prolong vortex rollup, as was observed with pumping blades at high

thrust, but actually completely diffused vortices so that they did not reintensify, even at

older wake ages (i.e., ζ ≥ 30◦). As previously discussed, because the 0◦ pumping blade

successfully diffused the tip vortices at lower thrust conditions, it is expected that increas-

ing the mass flow through the pumping slots would be required to diffuse the stronger tip

vortices produced at higher thrust conditions.

In addition to instantaneous flow fields, the tip vortices were also analyzed using

swirl velocity profiles. Figure 3.11 show the schematic for a swirl velocity profile, in

which a cut is made across the vortex, and swirl velocity is plotted across the cut. The

swirl velocity profile indicates both the peak swirl velocities and the position of the vortex

core. A series of phase averaged swirl velocity profiles were plotted for each wake age so

that the development and evolution of the tip vortices could be examined.

Figures 3.12 and 3.13 compare the swirl velocity profiles generated by the baseline
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Fig. 3.11: Representative swirl velocity profile plotted across a tip vortex

and 0◦ pumping blades at earlier and later wake ages, respectively. Initially, the pumping

blade generated tip vortices that were much more diffused than those produced by the

baseline blade, with the latter blade inducing peak swirl velocities approximately 2.5

times those of the former; see Fig. 3.12. Despite the initial diffusion, however, the peak

swirl velocities induced by the pumping blade remained relatively constant as the tip

vortices aged, indicating that the tip vortices failed to diffuse. This lack of diffusion was

much more apparent at older wake ages, where the swirl velocity profiles generated by

the baseline and pumping blades were relatively similar, as shown in Fig. 3.13.

At the lower thrust condition, the vortices shed by the baseline and pumping blades

differed much more significantly. Figures 3.14 and 3.15 show the swirl velocity profiles

of tip vortices generated by the baseline and 0◦ pumping blade at CT/σ = 0.053. In the
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(a) Baseline non-pumping blade (b) 0◦ exit slot orientation

Fig. 3.12: Swirl velocity profiles at early wake ages (ζ ≤ 150◦) operating at CT/σ = 0.08 for (a)

the baseline blade and (b) the 0◦ pumping blade.

(a) Baseline non-pumping blade (b) 0◦ exit slot orientation

Fig. 3.13: Swirl velocity profiles at later wake ages (ζ ≥ 180◦) operating at CT/σ = 0.08 for (a)

the baseline blade and (b) the 0◦ pumping blade.
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(a) Baseline non-pumping blade (b) 0◦ exit slot orientation

Fig. 3.14: Swirl velocity profiles at early wake ages (ζ ≤ 150◦) operating at CT/σ = 0.053 for (a)

the baseline blade and (b) the 0◦ pumping blade.

case of the baseline blade, the tip vortices were similar in both thrust cases. Specifically,

the swirl velocity profiles showed relatively high peak swirl velocities and steep velocity

gradients. However, the pumping blade produced diffused tip vortices with lower peak

swirl velocities (approximately 20% those generated by the baseline blade) and relatively

shallow velocity gradients. The vortices remained diffused, showing no signs of rein-

tensification at the older wake ages; see Fig. 3.15. Therefore, the swirl velocity profiles

confirmed that at high thrust, the pumping blade generated tip vortices that were initially

diffused, but did not diffuse completely, while at low thrust the pumping blade generated

tip vortices that remained significantly diffused at older wake ages.

Understanding the initial behavior of the flow trailed by the rotor blades is necessary

to explaining the behavior of the near-wall flow field (i.e., the flow near the ground plane).

However, brownout is caused by the flow near the ground, where interaction between the

rotor wake and the ground plane drives the uplift of sediment particles. Previous research
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(a) Baseline non-pumping blade (b) 0◦ exit slot orientation

Fig. 3.15: Swirl velocity profiles at later wake ages (ζ ≥ 180◦) operating at CT/σ = 0.053 for (a)

the baseline blade and (b) the 0◦ pumping blade.

has shown that the interaction of the tip vortices near the ground with the sediment bed

and the saltation layer drive the generation of the brownout cloud. In particular, the

upwash velocities induced by the tip vortices entrain sediment particles into the flow and

uplift them to become suspended in the air around the rotor. Therefore, the axial, or wall-

normal, velocities induced by the tip vortices were studied in ROI 2, as these velocities

most directly contribute to the formation of the brownout cloud.

Figure 3.16 shows representative contours of the instantaneous vorticity near the

ground at a blade loading coefficient of CT/σ = 0.08 and a reference blade position of

ζ ≥ 30◦. In all cases, the tip vortices near the ground showed similar regions of high

vorticity, suggesting that the strength and concentration of the tip vortices was main-

tained as they approached the ground plane. Figure 3.17 shows representative contours

of the instantaneous wall-normal velocity under the same operating conditions. While

the pumping blades generated lower induced velocities near the rotor, as shown in ROI 1,
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all blade sets induced similar velocities near the ground. Each blade set produced tip

vortices with large regions of relatively high velocity upwash. These regions of upwash

would have the potential to uplift significant amounts of sediment, thereby generating a

brownout cloud.

Just as Fig. 3.7 showed that the baseline blade generated similar flow fields at high

and low blade loading coefficients (i.e., CT/σ = 0.08 and CT/σ = 0.053, respectively)

near the rotor, Fig. 3.18 shows that these similarities continued to the ground plane, in

ROI 2. Specifically, tip vortices persisted to the ground, where they continued to exhibit

similar concentrations of relatively high vorticity. Figure 3.19 showed that the tip vor-

tices induced relatively high upwash velocities near the ground. On the other hand, the

0◦ pumping blade generated relatively concentrated tip vortices with high induced veloc-

ities near the ground plane at the high thrust condition, but the tip vortices trailed at the

lower thrust condition were significantly more diffused and induced relatively low up-

wash velocities; see Figs. 3.20 and 3.21. It is expected, therefore, that the wake of the 0◦

pumping blade would uplift significantly less sediment at the lower thrust condition than

at the higher thrust condition. Furthermore, the results suggested that additional mass

flow through the pumping slots would diffuse the stronger vortices produced at the higher

thrust condition, ultimately yielding lower upwash velocities near the ground.

Another method of analysis is a wall velocity profile, such as the example shown

in Fig. ??. In a wall velocity profile, a vertical cut is made through the flow field, and

the velocities near the ground plane are plotted. When the cut intersects a tip vortex, the

instantaneous profile shows high velocities (see cut A, Fig. ??). In contrast, a cut that

does not intersect a vortex (e.g., cut B) shows relatively low velocities. In general, cut B
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(a) Baseline non-pumping blade (b) 0◦ exit slot orientation (c) 30◦ exit slot orientation

(d) 45◦ exit slot orientation (e) 60◦ exit slot orientation

Fig. 3.16: Contours of instantaneous vorticity near the ground (ROI 2), with the reference blade at

a blade azimuth angle (ψb) of 30◦ and the rotor operating at a CT/σ = 0.080, for the:(a)

Baseline non-pumping blade; (b) 0◦ exit slot orientations; (c) 30◦ exit slot orientations;

(d) 45◦ exit slot orientations; and (e) the 60◦ exit slot orientations.
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(a) Baseline non-pumping blade (b) 0◦ exit slot orientation (c) 30◦ exit slot orientation

(d) 45◦ exit slot orientation (e) 60◦ exit slot orientation

Fig. 3.17: Contours of non-dimensionalized wall-normal velocity near the ground (ROI 2), with

the reference blade at a blade azimuth angle (ψb) of 30◦ and the rotor operating at a

CT/σ = 0.080, for the:(a) Baseline non-pumping blade; (b) 0◦ exit slot orientations;

(c) 30◦ exit slot orientations; (d) 45◦ exit slot orientations; and (e) the 60◦ exit slot

orientations.
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(a) CT/σ = 0.053 (b) CT/σ = 0.08

Fig. 3.18: Contours of instantaneous vorticity near the ground (ROI 2), for the rotor with the base-

line blades at ψb = 30◦ for each operating condition: (a) CT/σ = 0.053; (b) CT/σ =

0.080.
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(a) CT/σ = 0.053 (b) CT/σ = 0.08

Fig. 3.19: Contours of non-dimensionalized wall-normal velocity near the ground (ROI 2), for the

rotor with the baseline blades at ψb = 30◦ for each operating condition: (a) CT/σ =

0.053; (b) CT/σ = 0.080.
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(a) CT/σ = 0.053 (b) CT/σ = 0.08

Fig. 3.20: Contours of instantaneous vorticity near the ground (ROI 2), for the rotor with the 0◦

pumping blades at ψb = 30◦ for each operating condition: (a) CT/σ = 0.053; (b) CT/σ

= 0.080.
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(a) CT/σ = 0.053 (b) CT/σ = 0.08

Fig. 3.21: Contours of non-dimensionalized wall-normal velocity near the ground (ROI 2), for the

rotor with the 0◦ pumping blades at ψb = 30◦ for each operating condition: (a) CT/σ =

0.053; (b) CT/σ = 0.080.
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Fig. 3.22: Representative wall velocity profiles plotting wall-normal velocity in the flow field. Cut

A intersects a tip vortex, while there is no tip vortex present in Cut B.

matches the average profile, while the high transient velocities present in cut A deviate

significantly from the average profile. A flow field with relatively high transient velocities

would be expected to uplift more sediment than a flow field in which the magnitude of

difference between the transient and average flow velocities is lower.

Figures 3.23 and 3.24 compare phase averaged and instantaneous velocities near

the ground plane generated by the baseline blade and 0◦ pumping blade, respectively, at

a blade loading coefficient of CT/σ = 0.08. When the velocity profile did not cut through

a tip vortex, the instantaneous profile nearly matched the average flow field. A wall-jet

type flow was observed, but the induced velocities were relatively low (i.e., less than
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± 10% tip speed). However, when the velocity profile cut through a tip vortex, high

induced velocities were observed. The high wall-parallel velocities would be expected to

contribute to creep and saltation, while the wall-normal velocities would be expected to

cause significant sediment uplift.

At the lower thrust condition, the baseline and 0◦ pumping blades generated similar

average flow fields. The instantaneous velocity profiles closely matched the average pro-

files when the profiles did not cut through a tip vortex; see Figs. 3.25 and 3.26. However,

the high instantaneous velocities associated with the tip vortices generated by baseline

and pumping blades at low thrust differed significantly. While the tip vortex produced by

the baseline blade still induced relatively high swirl velocities (e.g., it exhibited upwash

velocities greater than 20% of the blade tip speed), the 0◦ pumping blade produced tip

vortices with much lower swirl velocities. In particular, the upwash velocities induced by

the pumping blade were only about half those produced by the baseline blade. It is ex-

pected that these lower upwash velocities would reduce the amount of sediment uplifted

into the air.
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(a) Wall-parallel velocity, Cut B (b) Wall-parallel velocity, Cut A

(c) Wall-normal velocity, Cut B (d) Wall-normal velocity, Cut A

Fig. 3.23: Velocity profiles for the baseline, non-pumping blade at CT/σ = 0.08: (a) Wall-parallel

velocities with no tip vortex present, (b) Wall-parallel velocities with a tip vortex

present, (c) Wall-normal velocities with no tip vortex present, and (d) Wall-normal ve-

locities with a tip vortex present.
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(a) Wall-parallel velocity, Cut B (b) Wall-parallel velocity, Cut A

(c) Wall-normal velocity, Cut B (d) Wall-normal velocity, Cut A

Fig. 3.24: Velocity profiles for the 0◦ pumping blade at CT/σ = 0.08: (a) Wall-parallel velocities

with no tip vortex present, (b) Wall-parallel velocities with a tip vortex present, (c) Wall-

normal velocities with no tip vortex present, and (d) Wall-normal velocities with a tip

vortex present.
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(a) Wall-parallel velocity, Cut B (b) Wall-parallel velocity, Cut A

(c) Wall-normal velocity, Cut B (d) Wall-normal velocity, Cut A

Fig. 3.25: Velocity profiles for the baseline, non-pumping blade at CT/σ = 0.053: (a) Wall-

parallel velocities with no tip vortex present, (b) Wall-parallel velocities with a tip vor-

tex present, (c) Wall-normal velocities with no tip vortex present, and (d) Wall-normal

velocities with a tip vortex present.
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(a) Wall-parallel velocity, Cut B (b) Wall-parallel velocity, Cut A

(c) Wall-normal velocity, Cut B (d) Wall-normal velocity, Cut A

Fig. 3.26: Velocity profiles for the 0◦ pumping blade at CT/σ = 0.053: (a) Wall-parallel velocities

with no tip vortex present, (b) Wall-parallel velocities with a tip vortex present, (c) Wall-

normal velocities with no tip vortex present, and (d) Wall-normal velocities with a tip

vortex present.



69

4. CONCLUSIONS

High resolution phase-resolved flow visualization and particle image velocimetry

experiments were conducted to understand the development and evolution of the blade tip

vortices trailed from four different pumping blade designs. The effect of the tip vortices

on the near-wall flow field was examined closely, as these vortices are directly responsible

for sediment mobilization and uplift. Additionally, force and torque measurements were

taken to calculate rotor thrust and power and to quantify changes in rotor performance

caused by the changes in blade tip design. Detailed measurements near the rotor and near

the ground plane were made in order to characterize the effect of centrifugal pumping and

exit slot orientation on the flow field. The following conclusions were drawn:

1. Similarly to the slotted tip blade [5, 6], the pumping blade designs incurred a slight

performance penalty caused by profile losses associated with the exit slots. How-

ever, at higher thrust conditions, the pumping blade designs showed similar power

requirements to that of the baseline blade, suggesting that they experienced a lower

induced power penalty. The 30◦, 45◦, and 60◦ slotted pumping blade designs were

found to have slightly degraded performance when compared to the 0◦ pumping

blade, as the positive exit slot orientation created a negative thrust effect due to

mass flow through the pumping slots. When this negative thrust effect was mathe-
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matically removed, all pumping blade designs were found to exhibit similar perfor-

mance characteristics.

2. When the rotors were operated at a higher blade loading coefficient (i.e., CT/σ = 0.08),

the pumping blade designs initially (ζ ≤ 30◦) produced tip vortices more diffused

than those generated by the baseline blade. The 0◦ and 30◦ in particular were the

most successful at initially diffusing the tip vortices. However, at the higher thrust

condition, the pumping blades did not fully diffuse the tip vortices, but instead pro-

longed their initial formation. Ultimately, the tip vortices reintensified in ground

effect, where they induced relatively high upwash velocities which would be ex-

pected to significantly contribute to sediment uplift in a brownout environment.

3. Because the pumping blades did not effectively diffuse the tip vortices at the higher

thrust condition, the effect of mass flow rate through the pumping slots was exam-

ined. To simulate a higher mass flow rate through the slots, the baseline and 0◦

pumping blade were tested at a lower blade loading coefficient of CT/σ = 0.053,

as this operating condition lowered tip vortex strength while maintaining mass flow

rate. It was found that the baseline blade generated similar flow fields at both thrust

conditions, with tip vortices that rolled up relatively quickly (i.e., ζ ≤ 30◦) and

persisted to the ground. On the other hand, the tip vortices trailed by the 0◦ pump-

ing blade were significantly more diffused at the lower thrust condition than at the

higher thrust condition. Specifically, the pumping blades generated diffused tip

vortices with significantly lower induced swirl velocities at the lower blade load-

ing coefficient. These differences persisted to the ground plane, where at the lower
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thrust condition, the 0◦ pumping blade induced lower upwash velocities, suggesting

that the pumping blade would mitigate sediment uplift.

4.1 Recommendations for Future Work

1. This work has shown that the pumping blades with exit slots oriented above the

horizontal did not significantly diffuse the tip vortices at the higher thrust condi-

tion. Additionally, the mass flow through the upward exit slots adversely affected

rotor performance. Further research could investigate similarly designed blades

with downward oriented blades, with the goal of investigating whether a down-

ward exit slot orientation might better diffuse tip vortices or positively affect rotor

performance.

2. The results showed that mass flow through the pumping slots significantly affected

vortex diffusion. New experiments could be carried out with wider pumping slots,

thereby increasing the mass flow. This experiment could be used to better under-

stand the effect of mass flow through the pumping slots on vortex diffusion.

3. This experiment was carried out on a small scale. Larger scale experiments of

a similar nature would establish whether the results observed hold true for larger

rotors and Reynolds numbers closer to those actually used in rotorcraft operations.

4. A close examination of the flow exiting the tip slots would enhance the current

understanding of the fluid dynamics associated with the pumping slots. This could

be achieved using PIV measurements in the rotor plane, focused on the rotor tips.
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5. Finally, the current work was carried out in a single-phase environment, and the

effects of the blade design on sediment uplift were inferred, based on previous

work. Dual-phase experiments, which would test the rotor in an environment with

a sediment bed, would be required to directly assess the effectiveness of different

blade designs on diffusing the tip vortex.
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